Since their discovery by Sumio Iijima, 1 carbon nanotubes ͑CNTs͒ have shown excellent thermal, 2 mechanical, 3 and electrical properties 4 and thus are being extensively studied for various applications in nanoelectronics, 5 nano-electromechanical systems, 6 biomicroelectromechanical systems, 7 biosensors, etc. CNTs have demonstrated scattering-free, ballistic electron transport and due to this, a current density as high as 10 10 A/cm 2 can be achieved. The capability of carrying such a high current density has initiated the need for fabricating CNT-based electronic devices such as resonators, field-emission displays, etc. These CNT-based electronic devices will be more compact in size and will have ultrahigh-processing speed and lower time delay than the present copper-interconnectbased devices. Although high-aspect-ratio through-wafer copper interconnection 8, 9 was proposed for the next immediate generation of three-dimensional packaging, CNT interconnection is likely to be the final goal for future ultrahigh-current-density packaging technologies.
In past years, growth of CNTs by various methods, such as electric arc, 10 laser ablation 11 and chemical vapor deposition ͑CVD͒, 12 have been reported. Due to its abilities of growing ultralong CNTs in large numbers and selective area growth, the CVD process has emerged as the main process to grow vertically aligned CNTs. Various research groups have reported the growth of single as well as multiwalled CNTs with varying lengths, diameters, and orientations. In past research publications, CNTs were grown on various metal catalysts, such as iron ͑Fe͒, nickel ͑Ni͒, and cobalt ͑Co͒, which themselves were deposited on the silicon substrate by physical vapor deposition methods such as sputtering or evaporation. In all these cases, a silicon dioxide layer was grown on the silicon substrate by the thermal oxidation method. The silicon dioxide layer acts as a buffer layer between the silicon substrate and the metal catalyst and prevents the diffusion of metal catalyst into silicon. In the absence of any buffer layer, the metal catalyst will diffuse into silicon, which in turn will affect CNT growth. The successful realization of CNT-based interconnects also requires on-chip copper interconnect lines and CNT interconnect connecting to on-chip copper interconnects. The most important process in achieving the CNT interconnect is the growth of CNTs on metallization. A schematic diagram of CNT growth on a multimetal layer is illustrated in Fig. 1 . In this diagram, copper ͑Cu͒ acts as the conductive metal line with a buffer layer to prevent the diffusion of copper into silicon and also acts as an adhesion layer. The growth mechanism of CNTs on metal buffer layers is different from that on a silicon dioxide buffer layer. At the high process temperature ͑ϳ700°C͒ there are relatively higher chances that the metal catalyst may react with the other metals and form intermetallic compounds ͑IMCs͒. These IMCs are not desired for the satisfactory growth of CNTs and must be avoided. Due to the continuously growing need of CNT-based interconnects on copper conductive lines, it is necessary to understand the growth mechanism of CNTs on multimetal layers. Unfortunately, there are not many published results available which elaborate on CNT growth on multimetal layers. The growth of CNTs on aluminum substrate 13 was reported in the literature. The growth mechanism of CNTs on aluminum substrate was observed to be a tip growth mechanism with an iron catalyst layer deposited by spin-coating iron nitrate ͓Fe ͑NO 3 ͒ 3 ·9H 2 O͔ and C 2 H 2 as carbon feedstock at 650°C at the CNT growth process. Titanium nitride had been used as a diffusion barrier layer between aluminum and silicon in the microelectronics industry for many years. More recently, there were attempts to grow CNTs and carbon nanofiber on different metal underlayers due to motivation for practical applications. 14, 15 Although CNT growth on the Ti/Cu metal system was demonstrated, 16 the length of the CNTs is limited due to the plasmaenhanced CVD process.
In this paper, CNT growth on different buffer layers ͑SiO 2 , Al, and TiN͒ was studied. The growth mechanism of CNTs on the two
PROOF COPY [JES-08-1905R] 066903JES
different buffer layers, i.e., Al and TiN on the Ta/Cu/Ta metal layers, is reported and compared with the CNTs grown on silicon oxide. X-ray photoelectron spectroscopy ͑XPS͒ was used to study the chemical state of the resulting catalyst nanoparticles. The surface morphologies of the multimetal layers with and without catalyst layers were studied by atomic force microscopy ͑AFM͒ and scanning electron microscopy ͑SEM͒.
Experimental
Sample preparation.-The fabrication process can be summarized by the following steps: Silicon substrates ͗100͘, p-type, 0.1-10 ⍀ cm resistivity, and 100 mm diam were cleaned in piranha solution for 20 min at 120°C to remove any organic contaminations. A 1 m thick silicon dioxide layer was thermally grown on the wafer in a furnace by wet oxidation at 1100°C. The deposition of metal layers was performed using the magnetron sputtering process. A tantalum layer of 20 nm thickness was used as an adhesion layer followed by a 1 m thick copper layer. A 20 nm thick Ta layer was deposited again, which acts as a barrier layer and also prevents copper oxidation.
For deposition of the TiN layer, the wafers were loaded into a different magnetron sputtering chamber. The TiN sputtering process was performed at room temperature and at a chamber pressure of 0.93 Pa. The gas flow rates of argon and nitrogen were 50 and 20 sccm, respectively. A plasma source power of 500 W was used at a substrate bias voltage of −20 V. The average thickness of 50 nm TiN was deposited for a duration of 6 min. For Al buffer layer deposition, an electron-beam evaporation process was used. An Al layer of 5 nm and an Fe catalyst layer of 5 nm were deposited without breaking the vacuum. A very low chamber pressure of 2 ϫ 10 −7 Torr was used to ensure the satisfactory uniformity of the film.
Three samples with different buffer layers were prepared to study the formation of catalyst nanoparticles and their effects on CNT growth. Figure 2 shows a schematic description of the samples along with the thicknesses of individual metal layers. Sample A represents the sample with the standard silicon dioxide buffer layer used for growing CNTs. In order to realize a practical CNT-based device, where other metal layers such as Cu ͑conductive layer͒, Ti/Ta ͑adhesion/barrier layer͒, and Fe/Ni/Co ͑catalyst layer͒ are also present, samples B and C were also investigated. Sample B utilizes TiN as a buffer layer, while sample C considers Al. In both cases, the conductive metal layers used were Ta/Cu/Ta.
Annealing of samples and CNT growth in thermal CVD.-In order to study the formation of catalyst nanoparticles and material composition, the samples, consisting of the conductive layer, buffer layer, and iron catalyst layer, were annealed in a thermal CVD chamber. The samples were annealed at 700°C for 15 min in the presence of H 2 ͑100 sccm͒ and Ar ͑400 sccm͒ with a chamber pressure of 4.9 Torr. This annealing step induces the nucleation and formation of catalyst nanoparticles which are needed to grow the CNTs. 17 After the annealing step, the CNT growth step was performed. The temperature profile for annealing and CNT growing process is illustrated in Fig. 3 . Once the annealing step was over, acetylene ͑C 2 H 2 ͒ gas ͑100 sccm͒ was introduced for 15 min at a chamber pressure of 5.9 Torr. After the CNT growth process, the temperature was ramped down to room temperature of 25°C at approximately 3°C/min.
Characterization of catalyst nanoparticles and CNTs.-For the XPS study of catalyst nanoparticles, a Kratos-Axis spectrometer with monochromatic Al K␣ ͑1486.71 eV͒ X-ray radiation ͑15 kV and 10 mA͒ and hemispherical electron energy analyzer were used. The morphology of the annealed catalyst layer was taken by AFM ͑Digital Instruments, Santa Barbara͒ in the tapping mode. The grown CNTs were characterized by the Hitachi scanning electron microscope under an accelerating voltage of 15-25 kV.
Results and Discussion
CNT growth on silicon dioxide buffer layer (sample A).-For sample A, a catalyst layer ͑Fe͒ having a thickness of 5 nm was deposited. After annealing in the thermal CVD chamber at 700°C, the samples were characterized by SEM. Figure 4a shows the top view of sample A after annealing, which has Fe catalyst on 1 m thick thermally grown silicon dioxide layer. It can be seen that the Fe film has been broken into nanoparticles of varying sizes and shapes. The average size of these highly dense nanoparticles varies between 30 and 100 nm. Such a highly dense nanoparticle array is ideally suited for growing dense CNTs of relatively smaller diameter. When the CNTs were grown on this sample, a very satisfactory CNT growth was observed. Figure 4b shows an SEM image of the vertically aligned CNTs grown on this sample. The CNTs grown on the sample are of multiwalled type and have a diameter varying between 40 and 100 nm. The dense, vertically aligned CNT bundles were grown on the annealed iron nanoparticles. Due to the high density and the close packing of the nanoparticles, the CNT growth was preferred in the vertical direction, as it is the only degree of freedom available during CNT growth. The measured electrical resistivity of the CNTs is about 0.0097 ⍀ cm. 
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CNT growth on Ta/Cu/Ta metal layers with TiN buffer layer (sample B).-When CNTs were grown on sample B, which has TiN buffer layer, some interesting mechanisms were observed. Figure 5a shows the AFM profile of the sample with an annealed TiN surface with underlying Ta/Cu/Ta metal layers. AFM analysis of the surface profile of sample B shows that the grain structure of TiN before the annealing is almost the same as the sputtered TiN thin film, as reported in the literature. 18 The average grain size of the sputtered TiN film is about 20-30 nm. Figure 5b shows the AFM profile of the same sample after the annealing step. The formation of nanoparticles on the TiN layer can be observed from the picture. It can be observed that the size of nanoparticles formed is larger than that required for catalytic growth of CNTs ͑Ͼ100 nm͒. The density of particles having a diameter of approximately 20-80 nm is very low, as it can be observed in the figure. This is the reason only the forest of CNTs were grown on the TiN barrier layer rather than a vertically aligned CNT bundle as widely reported, 19 because the formation of a vertically aligned CNT bundle is due to the vertical direction of CNT growth being the only possible degree of freedom for highly dense catalyst nanoparticles.
The incomplete formation of Fe catalyst nanoparticles of bean shape can also be seen in Fig. 5b . With the same experimental parameters and catalyst thickness varying from 2 to 10 nm on the thermally grown silicon dioxide layer, the vertically aligned dense CNTs bundles were grown. An annealing temperature of 700°C was used for 15 min for the Fe catalyst layer on the TiN buffer layer. The above experiments show that an annealing temperature of 700°C is not enough for complete formation of nanoparticles, which may be due to the difference in adhesion properties between the Fe/SiO 2 interface and the Fe/TiN interface. Figure 6 shows the top view of CNTs grown on the TiN buffer layer. It can be seen that the density of CNTs is much lower in comparison with the results usually reported in literature with CNT growth on a stable buffer such as silicon dioxide. The CNTs grew in random orientations, forming a layer of porous CNT-coated surface approximately 2 m thick. Figure 7 shows an AFM surface profile of sample C with an Al buffer layer and Fe catalyst after annealing. Formation of nanoparticles with sizes ranging from 20 to 200 nm can be seen. The density of nanoparticles is much lower than that of catalyst nanoparticles on the buffer layer such as silicon dioxide. According to the available experimental data, the nanoparticles consist of aluminum oxide, iron catalyst, and possibly iron oxide, and the source of oxygen is postulated to be from the atmosphere and oxidized iron catalyst. In order to determine the chemical state of the Al and Fe catalyst layer, XPS examination was performed with annealed samples having an Al buffer layer on the Ta/Cu/Ta metal layer. An XPS spectrum of the sample is shown in Fig. 8 . One of the curves shows the peak before etching in argon plasma and the other shows the peak after etching for 960 s. XPS experimental results show that the aluminum oxide particles were formed during the annealing process in the presence of hydrogen flow. The source of oxygen is the oxidized iron catalyst layer. Although there is a reduction reaction inside the reaction chamber with the presence of hydrogen gas flow, oxygen from the iron oxide layer may have at- tracted the underlying Al layer, forming stable ceramic aluminum oxide particles which act as the stable support for CNT growth during the recrystallization of Al and Fe nanoparticles. Although it is possible to have a very thin native aluminum oxide layer on the samples during Al/Fe deposition and after taking the samples out of the vacuum chamber, the thickness is limited to less than 1 nm, enabling the metallic Al to reflow during annealing. Figure 9 shows the CNTs grown on the Al buffer layer with Ta/Cu/Ta metal layers. The density of CNTs is very low and CNTs are randomly oriented. This is due to the formation of low-density catalyst nanoparticles allowing the CNTs to grow in random orientation. In thermal CVD growth of CNTs, vertically aligned CNTs were obtained due to the densely grown CNTs guiding themselves vertically. The only possible direction for CNT growth to continue is the vertical direction, because growth in the lateral direction is impossible due to the presence of other CNTs on the side. However, with the low density of catalyst, no such self-guiding mechanism is possible because CNTs continuing to grow will also have the free space to grow laterally until coinciding with others. Along with the absence of another guiding mechanism ͑e.g., electric field in plasmaenhanced CVD͒, CNTs grown on the low-density catalyst layer are randomly oriented. In contrast to this situation, experiments with CNTs grown on a silicon dioxide layer showed highly dense nanoparticle formation and vertically aligned CNT growth, as discussed in the previous section. From the above experimental results, the growth mechanism of CNTs in the present case is similar to that of CNTs with an Al/Fe bimetallic layer catalyst 13 with a tip growth mechanism. Figure 10 shows a schematic diagram of the growth of CNTs on Ta/Cu/Ta metal layers with CNTs grown on the aluminum oxide particles. Figure 11 shows CNTs grown on patterned Ta/Cu/Ta metal layers on which an Al buffer layer and an Fe catalyst layer were selectively deposited. Figure 11b shows a detailed view of CNTs grown ͑ϳ4 m thick͒ on the multimetal layers. Due to the possible implication of a buffer layer, the type and conductivity of the CNTs may differ from those grown on the silicon oxide layer, and further research is needed to investigate the type and electrical properties of those CNTs.
CNT growth on Ta/Cu/Ta metal layers with an aluminum buffer layer (sample C).-

Conclusion
CNT growth on Ta/Cu/Ta metal layers was studied with different buffer layers, namely, Al and TiN. In order to compare the growth of CNTs on TiN and Al buffer layers with those grown on silicon dioxide buffer layers, we studied the formation of catalyst nanoparticles on the silicon dioxide layer. Highly dense catalyst particles were observed and vertically aligned CNTs were grown, as widely reported in literature. From experiments with a TiN buffer layer, we found a stable TiN layer after annealing without recrystallization. The grain size of the TiN layer was the same as that of sputtered TiN thin film reported in the literature. Study of the size and density of nanoparticles shows that the larger and incomplete formation of nanoparticles after annealing is attributed to the smaller 
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density of nanoparticles available for CNT growth. This causes growth of CNTs in random directions rather than in the vertical direction. From the experiments with an Al buffer layer, the formation of aluminum oxide nanoparticles was observed together with Fe and Fe 2 O 3 in the XPS analysis. We found that the CNT growth mechanism with the Al buffer layer is due to the formation of Al 2 O 3 nanoparticles on the underlying metal layers during the CNT growth process. It can be concluded that the growth of randomly oriented CNTs on the multimetal layer with Al and TiN buffer layers on the metal layers is due to the sparse nanoparticle formation of the CNT growth process during annealing as compared to the CNT grown on a silicon dioxide buffer layer. A randomly oriented CNT-coated surface was observed on the samples with Al and TiN buffer layers on the underlying metal layers, although the TiN buffer layer may be suitable due to its electrically conductive properties in practical applications. Figure 11 . SEM picture showing ͑a͒ the CNTs grown on the Al buffer layer on a Ta/Cu/Ta multimetal system and ͑b͒ a magnified view of CNTs grown on a selective area.
